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ABSTRACT 
This research marks the discovery of a method by which bread doneness may be 
determined based on the elastic properties of the loaf as it bakes. The purpose of the study 
was to determine if changes in bread characteristics could be determined by non-contact 
methods during baking, as the basis for improved control of the baking process. Current 
control of the baking process is based on temperature and dwell time, which are determined 
by experience to produce a produce which is approximately "done." There is no quantitative 
nondestructive direct measurement of the property of interest, doneness. 
An ultrasonic measurement system was developed to measure the response of the loaf to an 
external stimulus. "Doneness," as reflected in the internal elastic consistency of the bakery 
product, is assessed in less than 1/2 second, and requires no closer approach to the moving 
bakery product than about 2 inches. The system is designed to be compatible with strapped 
bread pans in a standard traveling-tray conmiercial oven. 
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CHAPTER 1: INTRODUCTION 
Since the beginning of time, the baking of bread by all cultures has been regulated by 
what is essentially a time and temperature control system. Early methods were, of course, 
imprecise, depending on the baker's skill to determine baking time and the quality of fuel 
needed to maintain oven temperature. As hourglasses and clocks evolved, these devices 
enabled one to control the baking time more accurately. Within the past century, analog 
temperature controls came into wide use for maintaining oven temperature, however, they are 
being replaced by modem digital temperature controllers. The accuracy has improved 
dramatically although the basic control system has been the same. Thus, normal baking times 
and temperatures have been determined empirically over the years, but the time and 
temperature for baking still vary depending on the product, the oven and the individual 
operating the oven. 
The control measurements for the process of baking, time and temperature are indirect 
measures of the actual parameters of interest, doneness, and the color and firmness of the 
crust. If new methods could be developed to measure these parameters directly, then it is 
likely that improved control of the process will result in improved quality of the product and 
improved productivity for the process. 
New technologies and new and improved applications of existing technologies may 
enable one to control the baking process by direct control of the parameters of interest, rather 
than by the current indirect control. One possibility is to use colorimetry devices to control 
the crust color while an integrated device monitors internal structural changes, and baking 
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time and temperatuie are treated as variables. This paradigm shift could result in dramatic 
increases in product quality and productivity for the bakery industry. 
The technology and hardware of colorimetry have been developed sufGciendy for use 
as control measurements in industrial applications. For use as a control measurement in a 
baking process, only a small amount of work would be needed to adapt "out of the box" 
hardware for this purpose (Faeth, 1995). A means of monitoring stmctural changes in the 
product is, however, an opportunity for research. Among the possible means for monitoring 
this parameter are radiographic and ultrasonic nondestructive evaluation methods. 
Radiographic examination requires expensive equipment and shielding as well as extensive 
training for the operators. Due to the physical and safety considerations related to radioactive 
isotopes necessary for radiographic procedures, perhaps ultrasonic evaluation could provide 
the needed method to monitor structural changes during the baking process. If it is possible 
to gather data that reflect structural changes in the product using ultrasonic methods, then it 
may be possible to refine this methodology to determine when a product is "done". 
Industrial technologists, manufacturing engineers, quality professionals and others 
converge in the manufacturing world to study manufacturing problems and develop solutions 
to increase the quality of products, decrease manufacturing costs, or increase perceived value 
to the customer. Problems within the baking industry are subject to these studies, similar to 
any other realm of manufacturing. 
In recent years, many Americans have recognized a philosophy of continuous process 
improvement. Several have contributed to this systematic approach to management, most 
notably Walter Shewhart, W. Edwards Deming, Joseph Juran and Phil Crosby (Goetsch & 
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Davis, 1994). One of Deming's well-known Fourteen Points is to create a constancy of 
purpose toward improvement of products and services in order to stay competitive, stay in 
business and provide jobs (Deming, 1986). In the spirit of this management point, the current 
research seeks to study the baking process, so that the process might be improved. Figure 1.1 
depicts the current state of the industrial process. 
Feedisack 
Low Quality 
Cripples 
Overtxaked 
Undertxjked 
Improper Crust Color 
People 
Moctiine 
Method 
Material 
Environment 
Baking 
Process 
High Quality 
Proper bake 
Appealing Crust Color 
Inputs Process Outputs 
Figure 1.1. The current baking process 
One of the tools developed for the study and improvement of manufacturing 
processes is Statistical Process Control (SPC). Originated by Walter Shewhart of Bell 
Laboratories, SPC has been further refined and promoted by statisticians such as Deming, 
George Box and Brian Joiner (Box awarded, 1997). Recognized as a method by which a 
process may be controlled while reducing the need for product inspection, SPC helps to meet 
another of Deming's Fourteen Points, "cease dependence on mass inspection" (Goetsch & 
Davis, 1994, p. 22). A process monitoring system must be implemented with adequate 
discrimination between signal and noise, in order to use SPC to gather sufficient Hata for 
analysis. The data are used to determine if adjustments to the process are needed to reduce 
the variability of the product, and thereby improve the qualiQr. Figure 1.2 illustrates how 
continuous process improvement may be applied to the baking process. Process 
improvement loop B is where SPC data collected in the process may be used to improve the 
process. In process improvement loop A, changing customer needs and expectations are 
addressed and changes made as needed. 
The intent of this study was to provide preliminary information related to improving 
measurement of the baking process so that SPC might be applied to the baking process using 
direct quality measures rather than indirect quality measures. This research explored beyond 
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Figure 1.2. The baking process with two process improvement loops 
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the current body of knowledge in two areas: (1) food applications of ultrasonics; and (2) 
ultrasonic distance measurement to record the movement of a bakery product at various 
stages of baking. Ultrasonics have not been applied extensively in the food industry because 
of the non-homogeneous nature of many food products. Traditional ultrasonic testing has 
relied on immersion of the specimen in water or use of a couplant gel. This type of testing is 
impractical for a bakery product which could not withstand immersion or application of a 
couplant. 
Ultrasonic distance measurement at ambient temperatures is a well established 
technology. It is apparent from a review of literature that food applications of ultrasonic 
methods are an opportunity for research (Fitzgerald, Ringo, & Winder, 1961; Floros, & 
Liang, 1994; Lynnworth, 1989). Ultrasonic evaluation has traditionally been conducted at 
normal room temperatures. Because these areas of study are not well developed, there is 
great potential for breakthrough research by combining the areas of food applications of 
ultrasonics and ultrasonic measurement techniques in a research endeavor to improve baking 
processes. 
This research study examined whether ultrasonic measurement can be used to monitor 
changes in internal structure which may indicate when a bakery product is finished baking. 
The specific mechanism studied was the gluten structure in yeast leavened products. It is 
hypothesized that ultrasound could be used to determine when a product is sufficiently baked 
to prevent collapse. 
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Statement of the Problem 
Bakers have struggled to determine when bread is finished baking since before 
recorded history. Over centuries they have learned the sound and feel of bread that is done 
when they "thump" it. Because this is a highly subjective process, different individuals tend 
to bake the product differently. In a batch type oven, the act of opening the door to take out 
one loaf interferes with the system. Not only is the loaf sampled different from the rest, but 
the baking conditions are altered for the remainder, because the door was opened. In a 
continuous process oven, a loaf may be sampled when it comes out of the oven, but such 
sampling is ordinarily destructive. Because there is no clear indication of when the bread is 
done, bakers have used the indirect measures of time and temperature to determine when a 
loaf is likely to be finished. This results in a condition in which most products are overbaked 
to insure that they are baked sufficiently. If a system could be developed which would 
duplicate the way a baker thumps the bread to determine if it is done, then the groundwork 
would be laid for an online, direct measurement system to control the baking process. 
Purpose of the Study 
The purpose of this study was to determine if changes in the mechanical properties of 
bread can be detected during the baking process. This determination would establish a field 
of research which may eventually lead to direct measurement of when baking is finished so 
that optimal baking times may be used to improve product quality. 
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Need for the Stady 
Current practice in the baking industry includes many subjective evaluations. The 
control of the oven relies on the experience and intuition of an experienced baker. Baking 
time and temperature parameters are not entirely fixed, but often need adjustments to 
compensate for variation in precious inputs to the system. This research is intended as a 
preliminary step toward an approach to baking oven control that replaces subjective measures 
with quantitative measures. The need to move from qualitative evaluation of doneness to a 
quantitative measure of doneness has been recognized by the baking industry. The lack of 
quantitative measures has been established by Pyler (1988) and several coimnercial bakers 
(Bohaimon, W. personal communication, March 10, 1997; Carlson, G. personal 
communication, March 7, 1997). Leaps forward in quality and productivity of bakery 
production have been hampered by the lack of quantitative direct measures of doneness. 
An issue facing baking companies is an aging population which will result in fewer 
candidates to train as oven operators. Because of this situation, there is a shortage of 
experienced oven operators with skills sufficient to understand and detect the variations in 
the process, and adjust the oven to compensate for those variations. A wrong adjustment or a 
lack of adjustment to compensate for variation can result in large amounts of unsaleable 
product, and resultant losses to the company. A control system in which marked adjustments 
are based on the mechanical properties of the product itself might reduce the skill level 
needed to operate the oven with satisfactory results. 
There is a potential for the current research to lead to advanced oven controls that 
could have a significant economic impact on the baking industry. A device developed as a 
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result of this preliminary research, if simple in construction, reliable in operation, and 
inexpensive, could have a very wide market in the US, since virtually no online bread 
monitoring is done presently. In Iowa alone, there are 10 major wholesale bakeries with sales 
totaling an estimated 300 million dollars. Improvement in process controls in these plants 
may lead to higher productivity and ultimately to the retention or expansion of the plants. In 
the US, there are approximately 1,700 major bakeries. The sales of the top 100 of these 
bakeries are reported to be nearly 27 billion dollars (Top 100, 1997). 
Research Questions 
The following questions were addressed in this study: 
1. Is the response generated by a low pressure air blast to the loaf of less than 50 
microseconds duration sensitive enough to detect structural changes within the loaf? 
2. What are the relationships between the independent variables such as air pressure, 
baking time or position of the instruments to the loaf, and the response of the loaf? 
3. What are practical combinations of air pressure, cylinder size, and orifice size to 
produce an adequately sensitive response? 
Hypotheses 
To establish if the measurements taken during this study did, in fact, measure 
characteristics related to doneness of the product, the following hypotheses were tested. The 
results of the hypothesis testing determined whether the measurements were related to the 
doneness of the product and which parameters affected the response. 
The following hypotheses are related to the two factor two level experimental design for the 
122023 experiment, measures on individual loaves: 
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1.1; There is ao difference in mean response due to bake time in the study of individual 
loaves (122023). 
1.2: There is no difference in mean response due to transducer position in the study of 
individual loaves (122023). 
1.3; There is no difference in the mean response due to the interaction between bake time 
and transducer position in the study of individual loaves (122023). 
The following hypotheses are related to the two factor, two level experimental design for the 
122230 experiment, repeated measures on the same loaf. 
2.1; There is no difference in mean response due to bake time in the repeated measures 
smdy (122230). 
2.2: There is no difference in mean response due to transducer position in the repeated 
measures smdy (122230). 
2.3; There is no difference in the mean response due to the interaction between bake time 
and transducer position in the repeated measures study (122230). 
3: There is no difference caused by the transducer position on the transition point of the 
response for loaves at bake time of zero. 
4: There is no relationship between bake time, the transducer position, or the interaction of 
bake time and transducer position on the transition point of the response for loaf 
number 5. 
Delimitations of the Study 
The study was conducted with the following delimitations: 
1. This research was limited to frozen bread dough. 
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2. Observations were made at different bake times, out of the oven, since appropriate 
instrumentation for in-oven study was not yet available. 
3. Baking took place on a laboratory scale, one loaf at a time. 
Assumptions of the Study 
The following assumptions were made: 
1. The frozen dough bread loaves used were typical and representative of commercial 
bread products in the US. 
2. All data collection and storage equipment resulted in valid and reliable readings. 
3. Electromagnetic and ultrasonic interference were not at a level significant to interfere 
with data collection. 
4. The ambient environment had no significant effect on the results. 
5. The effects of variables other than the independent variables and control variables 
were randomly distributed throughout the results. 
Significance of the Study 
Preliminary equipment development took place in the Center for Nondestructive 
Evaluation (CNDE) facilities. The center is a research branch of the Institute for Physical 
Research and Technology (IPRT) at Iowa State University. Facilities, equipment, funding 
and technical assistance were provided IPRT, CNDE, and the Center for Advanced 
Technology Development (CATD) at Iowa State University. This research is intended to 
benefit Iowa companies, in support of the mission of the Iowa Center for Advanced 
Technology Development, through which IPRT fimds for the study were made available. 
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Initial testing was conducted to determine if changes in elastici^ of the bakery product could 
be measured using an ultrasonic measurement system. 
This research addressed a significant problem for the industry, that of baking to a 
secondary parameter (time) because at the time of this research, the primary parameter 
(doneness) could not be measured directly. This research may lead to reduction of total 
baking time. If the application of this research were successfiilly implemented in commercial 
baking, manufacturers could benefit from lower costs and space requirements of ultrasonic 
equipment compared to alternatives such as radiography or magnetic resonance imaging. 
Being able to determine exactly when a product is finished baking would significandy affect 
the commercial baking industry in several ways. Controlling the baking process based on 
structural changes could increase the throughput of a bakery leading to greater productivity. 
Since baking beyond the optimal point reduces the moisture content of the product, too much 
baking reduces the effective shelf life of products such as bread. Therefore, extending shelf 
life of the product is a benefit of this research. 
A reduction in baking time would result in energy savings fiom reduced fuel 
consumption, leading to a cost reduction for Iowa bakeries able to use the technology 
described. Such a reduction of operating costs could lead to a more vibrant industry. A more 
vibrant industry is likely to upgrade other processes and support additional research. Iowa 
State University could benefit from support from the industry for more research, which will 
begin to repeat the research cycle. 
The research cycle, building on current knowledge with research which ultimately 
extends the body of knowledge and begets additional research, is the driving force of 
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academic and industrial research. Walter Shewhart (1931) illustrated this principle in his 
Plan, Do, Study, Act (PDSA) cycle. The cyclical nature of research was also illustrated by 
Snee and Hare (1992) as the iterative nature of research. Snee and Hare, in their work, 
described the cycles between theories, experimentation and knowledge (PDSA) as always 
going up a hill, which represent the increasing size of the body of knowledge. As the process 
of repeating the PDSA cycle occurs, increasing amounts of knowledge are gained. Thus, by 
supporting this exploratory research, both ISU and the baking industry will beneOt in the 
future &om further exploration based upon this research. 
A device developed as a result of this preliminary research, if simple in construction, 
reliable in operation, and inexpensive, could have a very wide market in the US, since 
virtually no online bread monitoring is done at present. In Iowa alone, there are 10 major 
wholesale bakeries with sales totaling an estimated 3(X) million dollars. Improvement in 
process controls in these plants may lead to higher productivity and ultimately to the retention 
or expansion of the plants. In the US, there are approximately 1,7(X) major bakeries. The 
sales of the top 100 of these bakeries are reported to be nearly 28 billion dollars (Top 100, 
1997). 
Definition of Terms 
The following terms are defined for use in this study: 
Crumb: The inner portion of a loaf of bread where browning has not occurred. 
Crust. The outer surface of a loaf of bread. In baked bread it generally has a thickness of up 
to 3mm, representing the area which has been dried during the baking process to about 5% 
moisture, and browning has occurred. 
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Crust color. The color of the outer surface, unsupported by a pan, of a loaf of bread; 
generally the top surface. 
Doneness: The degree to which a bakery product, bread in this case, is done baking. This is 
characterized by polymerization of the gluten structure and gelatinization of the starches. 
Duration: The time period from the transition point to the first peak of the response, as seen 
on the oscilloscope trace. 
Formula dr .^ A description of variation of a food product over extended periods of time 
where a series of seemingly insignificant changes are made, but with the overall effect of a 
different product being produced years later. 
Production system: Ali components used to produce bread including scaling, mixing, 
fermentation, dividing, sheeting, molding, panning, proofing, baking, cooling, packing pan 
transport units and other systems. 
Proof. A term used in the baking industry to describe the second rising of bread dough, 
usually in a pan, immediately before baking. 
Quality: A term defined according to statistical variance, with high quality related to low 
variance (Gelina, 1993). 
Slope: The rising incline of the oscilloscope trace of the response. It is measured between 
the transition point and the first peak of the response. 
Statistical Process Control (SPC): A method of separating special [attributable] causes of 
variation [in a product] from common [random] variation (Goetsch & Davis, 1994). 
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Traditional test for doneness: This is done by an experienced baker by thumping a hot loaf 
with a finger while listening for a 'liollow" sound and feeling for good transmission of the 
energy through the loaf. 
Transition Point: The point at which the oscilloscope trace of the response changes firom 
generally horizontal to an inclined slope. It is an indication of the beginning of a measurable 
response. 
Procedures of the Study 
The following procedures were followed to carry out the research: 
1. The researcher conducted a review of literature. 
2. Professionals in the baking industry were contacted to determine the need for 
improved process monitoring. 
3. A stimulus device was built using pneumatic technology to induce movement in the 
product under study. 
4. Data acquisition and signal processing equipment were assembled to translate the 
responses of a transducer to the pneumatic stimulus into numerical data. 
5. Initial testing was conducted to determine appropriate ranges for the variables air 
pressure and cylinder size. 
6. Pilot testing was conducted with actual bread dough at various stages of baking. 
7. Systems were adjusted based on the information gathered during the pilot testing. 
8. A designed experiment was run, using different levels of air pressure and cylinder 
size. 
9. Data were analyzed using Excel and Minitab software. 
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10. A report of the findings was written with conclusions and recommendations based on 
the findings of the study. 
11. The complete report was presented to the program of study committee for approval. 
16 
CHAPTER 2: REVIEW OF LITERATURE 
In this section a review of literatuie is presented for baking, with a subtopic of 
Goldratt's (1992) Theory of Constraints, followed by reviews of quality literature, and 
applications of ultrasonic waves. Following the separate topics, a conclusion sununarizes 
pertinent information from each section and its integration into the study. 
Baking 
The baking industry is one of the oldest known specializations of humans. 
Domestication and cultivation of cereal grains marked the movement of human beings from 
himter-gatherers to the beginnings of civilization. As crops were cultivated, semi-permanent 
settlements became necessary for the people to follow a crop from sowing through harvest. 
This system of better ensuring adequate food supplies gave rise to areas of specialization of 
the inhabitants, such as armorers, bakers and potters. 
As uses for cereal grains were discovered, individuals undoubtedly became more 
skilled in the preparation of food from these grains. Like the armorer, the baker exchanged 
bakery products for meat, skins, and other useful items proffered by ±e hunters and 
gatherers. It is from these humble begiimings, lost in antiquity, that the baking profession 
rose (Beimion, 1954). As technological advances were made in baking, human civilization 
also advanced, bringing along changes in the social structure. 
The earliest known bakery consisted of a masoiuy outdoor oven. The oven consisted 
of a firebox where a fire was built, and an upper chamber with a small opening, in which 
unleavened or leavened bread could be baked. In many parts of the world, similar ovens are 
in use today. This primitive oven is the prototype of the deck ovens, which are still quite 
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popular in small to medium-sized bakeries today. Most of the breads that Europe is famous 
for are made in small shops and baked in deck ovens. In Europe, masonry ovens are 
commonly fired by wood or coal. 
As individuals became specialized as bakers, a discovery was made that doughs left 
out in the air for hours or days would become gassy, leaving holes in the bread as it was 
baked. The baker who discovered this phenomenon probably went on to great cotmnercial 
success, as customers probably found the lighter, softer texture preferable to the hard, dry 
unleavened bread. We know firom Old Testament references in the Bible that leavening was 
used as early as 1491 BC (Bible, 1986). The cultivation of yeast was another technological 
improvement in breadmaking, although until the eighteenth century, people did not begin to 
understand the organisms responsible for this phenomenon. In many European bakeries, 
elaborate procedures are employed to maintain a yeast culture as it has been done for 
centuries. It is not unconmion for a bakery to have a yeast culture known to be 400-500 years 
old. 
For many centuries after the discovery of leavening, technological changes in baking 
consisted mainly of methods of yeast culture, adaptation of different fuels (e.g., coal and 
peat), and experimentation with oven construction. At the begiiming of the industrial 
revolution, the drawplate oven (Figure 2.1) came into use in England. Although essentially a 
deck oven, the drawplate is an iron surface (deck) on wheels which is drawn out of the oven 
to be loaded and unloaded. This development, along with the use of a tin bread pan, allowed 
larger quantities to be baked simultaneously (Bennion, 19S4). 
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Figure 2.1. Drawplate oven (Bennion, 1954, p. 183) 
Spurred on by ironworks developed during the industrial revolution, and steam 
engines that powered the industrial revolution, baking underwent massive changes from 
about 1875 to 1925. Dough mixing became mechanized and ovens were also mechanized, 
allowing for greater capacity. New fuels, better controls, scientific methods and scientific 
management styles were adapted and put into place. Later in the period, dough handling 
systems were developed and utilized to divide, round, rest, mould and pan dough. These 
technological changes brought forth during a 50-year period enabled or created tremendous 
social change. 
19 
The development of the mechanical mixer dramatically lessened the manpower 
required to mix dough, driving far-reaching social change. Jago (1912) mentions three types 
of dough mixers, rotary, mixers with one or two revolving horizontal blades (Hgure 2.2), and 
kneaders with rotating pans. The mixers with horizontal rotating blades are precursors to the 
large horizontal mixers in use today at wholesale baking plants. 
Functionally, little has changed in these horizontal mixers. Blade geometry has been 
improved, but the greater changes have been the size, firom early models holding 50 to 100 
lbs. of flour to current models with dough capacities commonly up to 2000 lbs. (Hgure 2.3). 
Jago (1912) describes these mixers as having been reliably in service since about 1880. 
Figure 2.2. Horizontal mixer Figure 2.3. Modem horizontal mixer 
(Jago, 1912, p. 638) (Pyler, 1988, p. 1110) 
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In the United States, mixing was revolutionized by the Hobait brothers of Ohio (cited 
in Pyler, 1988). During this time period (1875 to 1925), they developed a vertical, planetary 
mixer, with dough hooks, wire whips and flat paddles. The vertical mixer offered a device 
that could be used for a wide variety of products, from whipped cream, meringue and 
whipped potatoes with the whip, cookies and pie crusts with the paddle, to stiff bread and 
bagel doughs using the dough hook. The basic fimction of this machine, the planetary drive 
with three tools, is the backbone of the retail baking industry today (Figure 2.4). While the 
horizontal mixers became predominant in wholesale bread plants, smaller operations 
capitalized on the versatility of the Hobart design to offer a wide variety of products for sale. 
Figure 2.4. Vertical mixer (Pyler, 1988, p. 1123) 
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The development of these different types of mixers allowed bakeries to mix larger 
doughs than could be mixed by hand. This capability drove the development of larger 
capacity ovens, such as the draw plate type. This combination of mixer and oven capacity 
increased the productivity of the bakery, creating a larger market area served by the bakery. 
The increases of productivity drove relative prices of the product lower, which in turn created 
increased market share. As market share increased profits which were invested in new, larger 
equipment; thus, the cycle could be repeated. 
The social structure within the bakery also changed with new technology, paralleling 
other segments of the industrial revolution. What was traditionally a family operation 
became an employer. Each new technology generated a larger market share and more 
employees. As bakeries grew by using new technology, the employees became more highly 
specialized, performing smaller portions of the baking process. 
What Joiner (1994) refers to as second generation management, the apprenticeship 
system, was replaced by third generation management, orTaylorism, the traditional 
hierarchical management system. Growing communities of workers needed larger amounts 
of bread. This produced an opportunity for bakeries to grow larger. Aspiring bakers began 
delivering bread, often with standing orders. The cycle was repeated over and over, with 
each new opportunity driving the invention and manufacture of new machinery and larger 
capacities. Each time a new machine was placed in bakeries, new constraints to the system 
could be identified. 
Constraints to baking systems caused a myriad of new machinery to be produced. 
From 1875 to 1925 dough dividers, rounders, overhead proofers and bread moulders were 
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created. When combined, this equipment made a bread system (Figures 2.5 & 2.6) which 
produced loaves of bread dough ready to pan from fermented dough fed into the divider. 
Toward the end of this period, automatic panners were introduced which also placed the loaf 
into the pan. 
Figure 2.5. Bread system (Pyler, 1988, p. 1127) 
Figure 2.6. Bread moulder (Pyler, 1988, p. 1157) 
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The baker's job now was specialized into mixers, divider operators, and helpers to load pans 
into the panner, from the panner into the proofbox, fix)m the proofbox into the oven, and from 
the oven onto cooling racks, with a baker supervising and controlling the oven. Bun dividers 
and bun rounders were devised to create bun systems (Figure 2.7) to mass produce buns and 
rolls. 
Figure 2.7. Roll system (Pyier, 1988, p. 1161) 
Larger markets created new demands for bread packaging to preserve the freshness 
for shipment, and larger plants to contain new and larger equipment. Waxed paper was used 
to keep moisture in and contaminants out of the bread. Machinery was created to wrap the 
bread. Lap ovens and tunnel ovens were built to keep pace with larger dough batches 
produced by larger mixers. Improved controls for the ovens enabled less skilled workers to 
load and unload the ovens. In the foreword to Gerhard's (1925), Handbook for bakers, 
Charles Prosser states: "Many American industries develop on a practical basis so rapidly 
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that they outstrip in their performance of work every day, any book or books giving technical 
and scientific explanation of the work done (p. iv). The bakery facilities illustrated in 
Gerhard's (1925) book showed power mixers, but up to 2000 loaves of bread per day were 
made up by hand. 
During the period from 1925 until 1941, improvements in baking technology 
consisted primarily of refining equipment, increasing sizes and capacities of equipment, and 
automating bread processes from the divider to the wrapper. Automation consisted of oven 
loaders and unloaders, vacuum depanning and conveyors (Figure 2.8) to coimect the various 
components. Many plants still used manpower to transfer products from one automated 
section to another. Less automated plants used manually loaded and unloaded racks between 
the panner and the oven. New plants were generally larger than previous facilities. These 
larger plants used lap ovens, or tunnel ovens (Hgure 2.9), where loaded trays traveled 
Figure 2.8. Cooling conveyor (Pyler, 1988, p. 1229) 
25 
Lottd on / Zone 1 
Unfoatf Zone 2 
1 
Load on 
(/n/oa<f y Zona 4 
Zone 1 
Zone 3 
Zone 2 
J 
Figure 2.9. Lap oven designs (Pyler, 1988) 
to the far end of the oven, often up to 60 ft., then went to a lower level to travel back to be 
unloaded. 
The greatest technological changes in the pre-war years were probably in 
transportation and distribution. Gasoline powered automobiles and trucks were firmly 
established. Paved roads became commonplace. Baking companies established regional 
brand names, distributing products in a SO to 100 mile radius from a plant. Changing 
distribution patterns produced more social change. Families who once bought bread 
produced locally purchased bread often made in different communities, counties, or even 
different states. Consumers who had been loyal customers of the local establishment became 
loyal customers of a brand name. Advertising agencies came into existence to promote brand 
names. 
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Inside the bakery, the social order ctianged radically. Trade unions entered the picture 
before the depression years and were nearly universally established in major bakeries by 
WWn. Bakers were supervisors and superintendents, and less skilled employees were 
mixers, divider operators, ovenmen, wrapper operators, (truck) loaders, route drivers, and 
utility workers or helpers. Union rules generally prevented the skilled supervisors fix}m 
performing the work. Larger distribution areas necessitated larger plants and more 
specialized work duties. Larger organizations created more layers of management. 
Much of the equipment in use today was designed and operating in bakeries during 
the war years. The Baker-Perkins bread makeup system, lap ovens, band slicers, cooling 
conveyors, conveyorized proof boxes and Model K roll machines common today in baking 
plants were in use during the war years. An ad (Rgure 2.10) illustrating a Baker-Perkins 
bread system appeared in the November 30, 1942 issue of Baker's Weekly. Today, in many 
bakeries this equipment is in use, virtually unchanged. 
Figure 2.10. Baker-Perkins ad (Baker's Weekly, November 30,1942) 
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In the fifty years since the end of World War n, few innovations have been introduced 
to bakery production. The changes introduced were mainly evolutionary rather than 
revolutionary. Some notable iimovations occurred during this period. One innovation was 
conversion fix)m wax paper to polyethylene bags for packaging, with concurrent changes in 
equipment. Another was the introduction of the continuous mixing process. The 
Chorleywood process blends and kneads dough in an extrusion process, continuously 
producing a rope of dough. The dough is cut to size by a rotating knife divider (Figure 2.11). 
Although some bakeries use the process, it never came into wide usage due to flavor and 
texture differences. Convection ovens came into use after WWII, reducmg baking time by up 
to 25%. New mixers installed in the last 25 years were often high speed horizontal or spiral 
mixers. Digital controls were installed on older equipment. 
Figure 2.11. Rotary dough divider (Pyler, 1988, p. 1148) 
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A cevolutionaiy device, the route computer, has changed the face of distribution 
routes by allowing mathematical modeling to predict stock levels needed at retail locations 
and by accurate recording of sales. Distribution routes often originate at hubs rather than at 
the bakery. 
The newest wholesale bakeries are often designed to run at speeds up to 200 loaves 
per minute as opposed to 90-100 loaves/min which is considered "standard". In production, 
however, "high speed" bakeries often operate at optimal profit levels between 100-125 
loaves/min. This 30-50% speed reduction was necessitated by large quantities of damaged or 
unsaleable product caused by mis-adjusted or malfunctioning equipment at high speeds and 
shorter production runs as consumers demanded a more diverse product selection. 
What innovations will bakeries adopt in the future? Most probably larger plants, 
greater distribution areas, refined automation, greater agility, and other evolutionary changes 
will become the norm. Revolutionary changes are also in the wings. Microwave baking was 
reported by Bennion in 1954. Eckhard and Butts (1991) claim to have perfected home-scale 
microwave proofing of dough. David Ovadia (Ovadia & Walker, 1995) holds a patent on a 
microwave pressure baking and vacuum cooling process to produce bread from proofed 
dough in minutes, rather than hours. Ovadia, Ponte, and Walker (1995) report new research 
on microwave thawing of frozen doughs. It seems likely that microwave proofing and 
microwave baking will find their way into commercial bakeries This development would 
cause a major changes in bakery processes. It is also possible that the future could hold a 
machine that would hold firozen dough, thaw, proof and bake it on demand or from a 
programmable schedule in the home or commercial kitchen. This device could force 
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wholesale baked bread into obsolescence by providing families and restaurants with fissh, 
warm bread on demand. 
As an ad (Rgure 2.12) for Anheuser-Busch yeast stated in the October 5,1942 issue 
of Baker's world, 'The story of bread may well be called the stoiy of civilization." In some 
cases baking technology has pulled people into advances in civilization, while in other cases, 
advances in civilization have created demands that pulled baking into technological 
advances. 
THE STORY OF BREAO 
enefc'Y 1m callMl Tfc® Slory of 
Bleed* the most vwiMiraMw of prepared foods* hmm helped man* and man In tcnea hu 
tnjirmiiit the quali^ of hfe ctetf of life. 
YBASTU theUfcefbreed. .. andibeetory of ye^i»ibeetoryofeelati^rewe^ ttnifoiin p—- gMd— wtftrlarretiott * .» and dally deitwy to 
^wwgyeity^towttandWIlByii throayhottt the land > • • even fay boat* by aled end by when other trawportatfam la intarmpted by flooda and bllasatda. Anheuaer-Boaeh la one of Amcriea'a blggeet •ourcea oCbakev*a yeasU Yeer afker yeer, we have stHvok %dth twtrh end imounm to better the methoda 
and feeOitiea for bvewins Badwdwr. To do thia, a laboratory epedaUelns In ferment-
olocy nutrition waa neccMary. Dlaooveriee made In the laboratory and In the plant have led to the development of produeta contributing to hitman neccaalty and 
umgrc— Some of theee produeta would appear to have only a remote relatlonahip to brewing* yet, they are the result wrh Inj^ many allied fields. 
ITMJIfiaB rcMrareh.ia lewdlaa he«r 
vn-AMINH Km uvgraoci^-w. OTASCa—^ uillb._l 
mmmrnnmr mt y«a»c vltwHlM* mmmA «• CMtUy MI*. EinucetATiFto BQCinnMiocr—w rMr« OIK TSSiifilXi Ifcif SSm far mtm Aimt* Vawmtm. < 
OlMKt* r*w«d^ mt 
ANHEUSil V E A C T * iAKirS DOZEN 
•BUSCH 1 C 1% 9 I IN QUAUTY jr*M^ eUStt-iUSCH. IMC.* • • 5AIMT tOUIS^ 
Figure 2.12. Anheuser-Busch yeast ad {Baker's weekly, October 5, 1942) 
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Structural properties of bread 
Bread is comprised of many complex components. Two primary components are the 
gluten matrix and starch molecules. It is the gluten matrix which holds the gasses generated 
by yeast action and forms the walls of the air cells in the bread. Gluten is made up of several 
proteins, primarily glutenins with molecular weights ranging from 11,600 to millions and 
gliadinig with molecular weight of 36,000 (Pyler, 1988). After milling into flour, and 
subsequent mixing with water and yeast, these proteins combine under the machining action 
of the mixer to form extremely high molecular weight matrices. Trapped within the gluten 
matrix are all the other components of the bread, including the starches. As the yeast 
consumes sugar and generates carbon dioxide, this gas is trapped within the gluten matrix, so 
that the cells of the bread are formed. There is also a fairly high amount of ftee water trapped 
within the matrix. This results in bread having a high water activity, with aw of .95 to .98 
(Pyler, 1988). During baking the polymerization of the gluten stops, and the gluten matrix 
becomes fixed, resulting in the characteristic shape of the loaf. 
The starches combine with water during mixing of the dough. While proofing and 
baking the starch granules expand to many times their original size, absorbing free water in 
the process. During the baking process, this starch gelatinizes, which results in more 
firmness of the product (Pyler, 1988). 
During the first stage of baking, about one-quarter of the total baking time, the crust 
temperature rises to about 140 degrees, and yeast growth and enzymatic activity increase. 
This results in dramatic increases in loaf volume. At this st^e, the crust is still pliable. 
During the second stage, the internal temperature of the loaf rises until it reaches 209 to 210 
31 
degrees F. This marks the end of the yeast and enzymatic activity. During the third stage, the 
internal temperature is held at just under the boiling point of water and remains constant In 
the final stage of baking, the crust temperatures reach 350 to 400 degrees and browning of the 
crust occurs due to cannelization and the Maillard reaction (Pyler, 1988). 
Theory of Constraints and oven systems 
In 1984 Eli Goldratt (1992) introduced his concepts of the Theory of Constraints for 
manufacturing to the US in his book. The goal. Simply stated, the Theory of Constraints 
(TOC) implies that all production should be timed to the constraint of the manufacturing 
system. In bakeries, the usual systemic constraint is the oven. Because most other portions 
of the production system have greater capacity than the oven, all production schedules are 
built around the capacity of the oven, and designed to keep the oven operating as efficiently 
as possible. 
Bakers have long viewed any change in throughput at the oven to be an increase of 
throughput of the plant as a whole. Consistent with the Theory of Constraints, any decrease 
in baking time for a product means an increase in throughput for the plant This means that 
any means to decrease baking time will lead to an immediate impact of increased profitability 
for the plant It is one facet of the potential impact of the current research. In Iowa alone, 
there are 10 major wholesale bakeries with sales totaling an estimated 300 million dollars. 
Improvement in process controls in these plants may lead to higher productivity and 
ultimately to the retention or expansion of the plants. In the US, there are approximately 
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1700 major bakeries. Sales of the top 100 of these bakeries are reported to be nearly 28 
billion dollars (Top ICX) sales, 1997). 
Quality 
If asked how quality pertains to their business, people in the bakery business would 
often say they have high quality products. Some would say they use only the highest quality 
ingredients to produce their products. However, most would not relate the word quality to 
their equipment, delivery service, order processing, accounting or to their employees who 
have daily contact with customers. This is an effect of the present day culture in which we 
live, wherein people have been taught to relate quality to products, but not to processes and 
services. What exactly is quality and who defines it? 
Of the various definitions of quality, most center around the degree to which a 
product or service meets or exceeds the needs of the customer and the degree of variability in 
the product or service. The American National Standards Institute (ANSI)/American Society 
for Quality Control (ASCJC) definition of quality is: "The totality of features and 
characteristics of a product or service that bears on its ability to satisfy given needs" (Zaire, 
1991, p. 33). According to Zaire, other possible definitions for quality are: 
a) A key attribute that customers use to evaluate products or services. 
b) Everything everyone in a business does, no matter what sort of business, to 
satisfy the total requirements of every customer. 
c) Quality hinges on 'fitness of use' and the degree of customer satisfaction 
derived from using that product. 
d) Quality is achieving and exceeding customer expectations in order to 
provide business for the future, (p. 34) 
One of the best-known promoters of quality, Deming (1986) noted different 
perspectives: "Quality to the production worker means that his performance satisfies him. 
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provides to him pride of woikmanship" (p. 1). Shewhart (1931) defined the quality of a 
single item as attributes, and the quality of a number of the same kind of items as the 
statistical variation of quantitative measures of the product It is important to note quality is a 
dynamic state, changing continuously as products, processes, people, services and 
environments change. To a statistician, quality is the degree of variation present from one 
sample to another, whereas to a consumer quality may mean something quite different. For 
example, consumers may believe that a fast-food hamburger may be considered a quality 
product because there is little variation regardless of whether it is purchased in Alaska, 
Alabama, Brussels, or Bangkok. However, consumers may still not feel that the fast-food 
hamburger meets the quality or tastes as good as the one grilled in their own backyard! For 
this smdy, quality will be deflned as "statistical variation" (Gelina, 1993). 
Measures of quality 
There are many possible measures of quality in bread. Shewhart's research work in 
the 1930*s stressed the need for quantitative measures in the evaluation of quality. Shewhart 
(1931) also noted that qualitative measures are also important: 
From the viewpoint of control of quality in manufacture, it is necessary to 
establish standards of quality in a quantitative manner. For this reason we are 
forced at the present time to express such standards, insofar as possible, in 
terms of quantitatively measurable physical properties. This does not mean, 
however, that the subjective measure of quality is not of interest. On the 
contrary, it is the subjective measure that is of commercial interest, (p. 54) 
Many people are aware that Japan has built a reputation for high quality products. 
Fewer know that the Japanese success was due, to a large extent, to their adherence to the 
principles of W. Edwards Deming, an American statistician who was instrumental in 
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developing concurrent engineering principles during World War H. Concurrent engineering 
made it possible for the US to develop and produce new ships, planes and other hardware in 
record time. Concurrent engineering is a system for designing and building manufacturing 
systems at the same time as a product is designed. 
After the war, US companies went back to traditional management and "business as 
usual". General McArthur, the Allied Commander of occupied Japan, asked E)eming to help 
with a census in occupied Japan. The Japanese saw Deming's ideas as a way to rapidly 
rebuild their manufacturing base and become a world leader in quality. In 1950, Deming 
returned to Japan at the invitation of the Japanese Union of Scientists and Engineers, (JUSE) 
to teach them about Statistical Process Control (Deming, 1986). 
While in Japan, Deming developed a system of management that is the basis for 
continuous quality improvement (CQI). In recent years many American companies have 
recognized this philosophy of continuous process improvement. Several have contributed to 
this systematic approach to management, most notably Walter Shewhart, W. Edwards 
Deming, Joseph Juran, and Phil Crosby (Goetsch & Davis, 1994). 
An important element of CQI is Statistical Process Control (SPC). Deming learned 
about SPC charts, developed by Walter Shewhart at Bell Labs, while he was employed at Bell 
Labs in the 1930's (Pyzdek & Berger, 1992). The use of SPC provides companies with a 
method to monitor their processes to reduce variability and to eliminate waste. 
Telephone companies in the US with their origins in the Bell system, still use SPC to 
monitor the quality of their products and services. Since 1980 growing numbers of US 
companies have begun using SPC to monitor their processes so that sources of variance may 
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be identified and eliminated. The use of SPC and other management techniques building on 
SPC has allowed electronics manufacturers to produce components so reliable that often only 
one part in a million will not perform as specified. This reliability has greatly reduced the 
costs of inspection, rework and inventory so that the overall cost of manufacturing has 
dramatically decreased. The value of consumer electronics per dollar spent is now greater 
than ever before, due in part to the use of SPC. Another major industry that uses SPC to 
monitor most processes is the US automotive industry. Ford hired Dr. Deming to help 
improve quality in the early 1980's. The leadership firom Ford and also fix)m Chrysler has 
spread throughout the industry. Few component suppliers to the auto industry can survive 
without the use of Statistical Process Control. 
Driven by the automotive industry and its QS9000 quality specifications, many 
smaller metalworking businesses are now using SPC as a sales tool. They have found that 
SPC charts provide records that can be used to show customers or potential customers that 
their processes are in control. If the processes are in control, the manufacturer can then use 
information gathered and the customer's specifications to show the customer their processes 
are capable of producing products at quality levels within, or higher than the customer's 
specification. A few of the larger food processing companies have learned these concepts 
and applied the principles to their own manufacturing operations. 
According to Hollingsworth, (1993) the food industry has not rapidly adopted CQI 
because of the fundamental changes such a transformation requires. Hollingsworth also notes 
the food industry has not encountered the level of global competition faced by other 
industries, such as the automotive and electronics industries. Food companies have enjoyed 
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relatively stable incomes and profits even through economic downturns. In addition, the US 
is considered to be the world leader in production of quality food. This stable environment 
has not forced the companies to question the principles and assumptions underlying their 
existence (Hollingsworth, 1993). According to Walter Lovenduski of Philip Crosby and 
Associates, as quoted by Hollingsworth, less than 15% of the food industry has embraced 
CQI as a management philosophy. Lovenduski points out that most food companies are 
organized by functions and that the reorganization into process systems required to become 
CQI organizations is frightening to both executives and employees (Hollingsworth, 1993). 
Informal polling of corporate quality assurance, and other corporate and plant level 
personnel by this researcher indicated that few bakery operations in the US use SPC to 
improve the quality of their product. Further indication that few bakeries use SPC is evident 
from a lack of reports in trade journals concerned with SPC. The use of SPC provides a 
method by which a company can identify when a process parameter is out of control by 
separating random variation from "assignable" variation (Moen, Nolan & Provost, 1991; 
Wheeler & Chambers, 1992). Robert Gelina (1993) has ftirther refined the work of Deming 
and others. The Gelina problem solving model, which uses SPC to monitor processes that 
are in control, provides a method by which companies can improve their production and 
service processes, thereby increasing customer satisfaction and ultimately, marketshare. 
In the bakery industry, the evaluation of the product by a panel of experienced 
personnel is used to quantify quality. While this method evaluates variables such as crust 
color, symmetry, bake uniformity, texture, crumb color, grain aroma and taste, the basis is 
subjective and dependent on the scoring being done by the same people as much as possible 
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(Matz, 1989). The lack of reliable objective measurements has hampered development of 
standards to determine if the same product is produced from day-to-day and overextended 
periods of time where "formula drift" is commonly found. Formula drift describes variation 
of a food product over extended periods of time where a series of small seemingly 
insignificant changes are made, but with the overall effect of a different product being 
produced years later. These small changes are often changes of supplier for an ingredient, 
changes of an ingredient by the supplier, or substitutions for ingredients no longer available 
or not competitively priced. 
Experienced bakers will readily admit a product produced in one plant will vary 
noticeably. Often the difference is such that a consumer can notice the variance. 
Additionally, the food industry encounters special problems described by Taylor (1977) as: 
(a) Lack of scientific basis for much of food technology. 
(b) Lack of appreciation of raw material compositional variability and means 
of measurement of a suitable parameter. 
(c) Pressure to cut comers to meet launch dates set by competitor activity. 
(d) Conflict in use of prototypes between collecting design data and preparing 
to test market material. 
(e) Conflict between technical exclusivity and company preference for a 
standard plant. 
(f) Difficulty of making realistic in-line measurements leading to process 
control and automation. 
(g) Insufficient technical strength on the factory floor, (p. 103) 
Food processing is ahead of the capability of science to describe all ingredients and 
interactions occurring as food is processed. Even basic ingredients such as the grain of wheat 
are not completely understood by science. The endless varieties of a given fruit or vegetable 
crop result in variations among many parameters relevant to food processing. There are 
variations in a single variety grown in one field, due to soil type, rainfall, differing locations 
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in the field, as well as many other variables. There ate also variations from year to year. The 
same variety grown in adjacent fields will also vary in measurable qualities. Added to this 
variation in grain quality, variable input, marketing pressures, "design on the fiy," plant and 
equipment constraints, a lack of continuous feedback control loops and sufficient production 
quantities to justify them, and shortages of technical personnel make it difficult to accurately 
predict the performance of a product in different plants. 
Variability of bread 
The variability present in the ingredients, processes, equipment, weather and 
atmospheric conditions all contribute to variation in a finished bread product. Beard (1981) 
mentioned each of these variables, as well as the temperament of the baker, as significant 
variables in the production of bread. Causes of day-to-day variation include process variables 
such as mixing time, fermentation time and temperature, proofing time and temperature, and 
baking conditions. Variables of baking conditions affect both day-to-day variation and 
variation due to where the loaf is baked in the oven (Pyler, 1973). Baking condition 
variables, according to Pyler, are the specific heat of the dough, dough temperature and 
absorption, time, temperature and humidity of the baking chamber, oven tj^, method of 
heating, steam application, and oven operation techniques. Pyler (1973) referred to the 
complexity of baking bread in the following; 
The actual baking process is the final and most important step in 
breadmaking as it is here that heat transforms an unpalatable dough into a 
light, porous, readily digestible and flavorful product. The changes involved 
in this conversion are complex and fundamental. The biochemical activities 
that continue in the dough through the proof period are at last arrested, the 
responsible micro-floral and enzyme systems are inactivated, a rather unstable 
colloidal system is far-reachingly stabilized, and the basic properties of starch 
39 
and gluten are drastically altered. At the same time, new substances, such as 
caramelized sugars, pyrodextrins, melanoidins, and a wide varied of carbonyl 
flavor substances are formed to endow the baked product with its desirable 
organoleptic properties. 
All of these reactions involved in the tra^ormation of dough into 
bread must occur in the proper sequence and under controlled conditions. The 
amount of heat supplied, the humidity within the baking chamber, and the 
duration of the bake are all factors that exert a fundamental influence on the 
general character of the bread. While many of the actual chemical and 
physical reactions that take place in the baking dough are still not fully 
understood, great insights into the baking reactions have been gained in recent 
years, (p. 747) 
As the multitudes of variables present in the system interact, it becomes difficult to 
produce a product without a noticeable variation to meet the highest possible quality 
standards. With the best ingredients, equipment and processes available it is still currently 
impossible to produce bread with no variation discernible to the human eye. Any given bread 
product will vary day-to-day, shift-to-shift and even side-to-side in the oven (Faeth, 1995). 
Instrumentation is needed to measure the properties of bread so that variability can be 
decreased, with resultant increases of quality. 
Currently, the American consumer accepts a rather large amount of variance in the 
qualities of bread, and tolerates that variation with little complaint. However, if bread does 
become available with less variation and without loss of sensory properties, consumers will 
respond. Profits are lost and brand image is weakened because a substantial portion of bread 
is never displayed on the retailer's shelf, but is routed to a thrift store to be sold as off-
standard product. The thrift store system helps to keep product quality on the retailer's shelf 
at an acceptable level, but at a tremendous cost to the bakery, and ultimately, to the 
consumer. When bread can be made with less variation, the bakery can benefit from 
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increased profits resulting fixim less rejected product Consumers will react by purchasing 
more of the product, resulting in increased market share for the bakery and business success. 
Ultrasonics 
Ultrasonics were first recognized as the basis for the sensory system that allows bats 
to fly in the dark (Cracknell, 1980). In the 19th century it was discovered that sound pitch is 
related to firquency. Little was done to explore ultrasound until WWI, when ultrasonic 
technology was employed as a means of detecting submarines (Kinsler et al., 1982, quoted in 
Gundasekaran & Chyung, 1994). More recent applications of the technology have focused 
on the detection of cracks and fiaws in materials, and medical applications that enable non­
invasive evaluation and diagnosis. In recent years, ultrasonic range-finding devices have 
enabled automatic focusing systems on cameras to become commonplace. 
In the food industry, ultrasonic waves are used for several purposes. According to 
Floros and Liang (1994) applications of acoustic radiation in the food industry fall into two 
major classifications: (1) to measure a product or monitor a process; and (2) to effect a 
change in a process or product. Since this study is concerned with ultrasound as a 
measurement of a product, only the first category is addressed. An early food application was 
to determine solids and butterfat content of liquid milk (Fitzgerald et al., 1961). Other 
ultrasonic composition measures have been used for eggs, meat, fhiit and vegetables and 
dairy products (Floros & Liang, 1994). These applications may include measurement of 
textiu^, viscosity or concentration. Additional food applications of ultrasonics include egg 
shell and food package evaluation. Ultrasonic devices are also used to monitor food 
processes by measuring flow, level, temperature or thickness (Floros & Liang). 
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A serious problem of the potential application of ultrasonics as a control device for 
baking applications is that transducers for high temperature applications are not conmionly 
available. Recent literature indicates that high temperature transducers may be available for 
research on a custom made basis. Kamentser (1993) reports that load transducers are 
available for temperatures up to 250° C. Mak and Gauthier (1993) have conducted 
experiments on materials at temperatures up to 250° C with ultrasonic transducers. As early 
as 1990 reports of the experimental development of ultrasonic transducers for temperatures 
over 100°C were reported (Garcia-Olias & Montero de Espinosa, 1990). In view of these 
reports, it seems probable that when high-temperature transducers are needed for further 
research in this area they will be available. 
A second major obstacle in the quest for direct measures for bread baking is the non-
homogeneity of bread products. The gas cells necessary to achieve a satisfactory product are 
detrimental to the transfer of ultrasonic waves. The liquid or gel couplants normally used 
between the transducer and the specimen are also not practical in a bakery envirorunent. 
These couplants are necessary in traditional ultrasonic evaluation, because the ultrasonic 
waves dissipate quickly in air. If it were possible to evaluate the distance to the crust using' 
ultrasonic rangefinding devices, and measure the response of the crust at intervals during the 
baking process, it may not be necessary to attempt to pass the ultrasonic waves through the 
product to measure doneness. 
Summary 
Through the review of Uterature, it has been established that baking control is 
currently done by indirect measures which are related to bread quality. The principles of CQI 
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lead one to consider if it might be possible to measure bread quality parameters directly and 
then to apply that measurement to control the oven. Since the primary parameter of baking is 
to answer the question, "Is it done?" then a way to measure "doneness" could lead to a 
revolution in the baking process. The Theory of Constraints teaches us that, since the oven 
capacity is the constraint in most baking systems, any way to increase throughput at the oven 
will lead to a direct increase of profits. 
Ultrasonic measurements have been applied to several different food products. It 
seems plausible that ultrasonic devices may hold the key to determining the level of 
"doneness" of bread as it bakes in the oven. A major material obstacle related to ultrasonic 
applications for bread quality measurement is the lack of homogeneity in the bread itself. 
This might be overcome by measuring the distance to the crust, rather than attempting to 
image the center of the loaf. While this study does not attempt to address the second major 
obstacle, the availability of high temperature ultrasonic transducers for use in a commercial 
oven environment, it appears that if this research is successful, by the time further research is 
conducted, the needed transducers will be available, at least on a custom-built research scale. 
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CHAPTERS: METHODOLOGY 
This research was undertaken in an effort to initiate development of improved 
controls for the baking process. The current baking control system of time and temperature 
control makes no attempt to measure the parameters of interest, crust color and doneness. 
Experience has been the key factor in determining temperature and time settings for control 
of the baking process. If doneness can be measured, then baking may be controlled to this 
critical parameter. The purpose of this study was to determine if changes in bread 
characteristics during the baking process could be detected by non-contact means. The study 
was carried out in order to establish a Held of research that may eventually lead to direct 
measurement of determining when baking is finished so that optimal baking times may be 
used to improve product quality. While there is ample documentation of several academic 
fields that provides a basis for this research, the exploratory nature of this research precludes 
the existence of a large body of knowledge directly related to this area. In the literature 
review, the historical development of baking processes was traced, the theory of constraints 
as applied to baking processes was introduced, quality implications of improved baking 
controls were discussed, need for improvement of control systems was established, and a 
brief introduction to ultrasonic applications was made. The steps taken to complete the 
research are described in this chapter. 
Grant Application 
After establishing industrial need and interest, a grant from the Iowa State University 
Institute for Physical Research and Technology was solicited and received. Funding enabled 
the acquisition of additional equipment to begin the research. The major expenditures were 
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for ultrasonic transducers, a computer with GPIB and analog to digital converter boards, and 
other hardware used to construct and control the experimental devices. Hardware such as 
signal generators, oscilloscope, amplifiers and cables were available at the ISU Center for 
Nondestructive Evaluation where the research was conducted. 
Laboratory Procedures 
Upon receipt, the transducers were tested in a lab to determine their signal 
characteristics with bread. These tests showed that signal strength was sufficient to proceed 
with further development. Preliminary tests were conducted using baked bread to determine 
the sensitivity of the transducers and to establish what electronic equipment would be needed 
to begin experimentation. After the sensitivity of the transducers and electronic gear was 
established, a supply of frozen bread dough was purchased for use throughout the 
experimentation. Heinz "Country White" 19 oz. dough was selected for this purpose. 
An air system was built to deliver a metered air blast as a pneumatic stimulus that 
initiates each experimental measurement. This device consisted of a chamber, pressure 
regulators and valves. One solenoid valve allowed air into the chamber, and a second valve 
allowed a blast of air from the chamber to be released. The blast was directed to the copper 
delivery tube through a 5/8 in. diameter hose. The chamber was 7 cubic inches in volume. 
Experiments were performed to determine appropriate sizes for the air chamber and delivery 
tube. With a larger chamber air pressures needed to be reduced beyond the range of control 
of the regulator. If too much air is delivered the whole loaf will jump out of the pan. With 
too little air the response is not enough to allow clear detection. Based on the observed 
t 
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responses on the oscilloscope screen and observation of the loaf, a delivery tube of 3/8 in. 
diameter was used for the study. 
The experimental data were corroborated by calculated flow rates and duration. 
Based on an assumption of steady state, the pressure on the loaf should be the same as that in 
the reservoir, as long as the delivery tube is not so far away that the air jet begins to disperse 
(Chimenti & Faeth, 1997). 
To estimate the airspeed, the velocity is Mach .88, assuming a steady state in a tube of 
one-half inch diameter, six inches long, fed by an infinite reservoir at ten psi. gauge pressure 
and no Mction. Since, in reality the tube is supplied by a 5/8 in. diameter hose, and friction is 
present, and the speed of the jet will diminish away from the orifice, the true speed is 
estimated to be about Mach .7 or about 750 feet per second (^s). In the actual condition, the 
unsteady state, a much more complicated situation exists (Chimenti & Faeth, (1997). 
A Micron Pentium 200 MHz computer was fitted with a GPEB (IEEE 488) card and 
cable to capture data from the experiments. The cable was attached to a Tektronics 2430 
digital oscilloscope so that screen traces on the oscilloscope could be captured and saved. The 
saved oscilloscope trace was a means of converting analog data of an event to digital data. 
An electrical triggering device was built using a hand wound inductive coil positioned around 
the stem of the solenoid valve. The coil was 20 turns of 0.003 diameter copper wire, 
connected to a coaxial cable. The trigger signal was conditioned by a Hewlett Packard 214B 
signal generator. This produced a clean square wave that was used to trigger the 
oscilloscope. A diagram of ±e equipment setup is shown in Figure 3.1. 
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Hguie 3.1. Diagram of the first complete system 
A countertop convection oven, Kemnore model 721.89972590, was used to bake the 
bread and a portable proof cabinet, Crescor model 3201, was used to proof the loaves. 
Baking tests were conducted to determine the appropriate time and temperature conditions for 
an optimal baked loaf. A standardized 23 minute bake time at 400°F was established with this 
oven and dough combination. 
Holders were machined firom a 1.5 x 1.5 x 3 in. aluminum block to position the 
transducers at approximately 4 inches firom the loaf. The holder was then fastened to a bar 
which also held a device to position the loaf and the stimulus device. Pilot testing was 
conducted with acmal bread at various stages of baking. Based on responses observed on the 
oscilloscope screen, adjustments were made on the settings of the electronics equipment 
The pilot testing process was used to determine appropriate settings of several variables 
which would be fixed for the main experiment Mtial results appeared very promising. An 
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observed effect was evident However, when data from many loaves baked over several days 
at various baking times were compared, the data showed no correlation to baking time. 
Over a period of time it became clear that either there was no change in the structure 
of the dough that could be measured with the existing instmmentation, or some additional 
factor was confounding the observations. From this perspective an experiment was 
performed substituting a block of titanium for the loaf. Titanium was chosen because a 4 x 4 
X 8 in. block was on hand, and because titanium has good heat retention qualities. This 
experimentation revealed that most of the signal that was captured from a loaf of bread could 
be duplicated from a block of titanium (Figures 3.2 & 3.3). After studying the results, it 
appeared that the blast of air triggering the observation was, in fact, creating most of the 
observed signal. This led to a series of redesigned holders and a series of experimentation to 
eliminate various sources of noise in the signal. In all, Hve different holders were made 
before a suitable design was settled on. The final design was machined from ABS plastic, 
with each transducer shielded in a wrap of plastic foam to prevent the receiver from picking 
up the signal from the transmitter direcdy (cross talk) and other spurious signals. Subsequent 
experimentation led to the separation of the holder and loaf positioning device from the 
stimulus device, which itself was isolated from the air chamber. After these modifications 
were performed, extraneous sources of vibration were eliminated. 
Further experimentation led to use of the 7 cubic inch air chamber and the 3/8 inch 
diameter delivery tube. The data indicated that there may be a time dependent change in the 
dough as it progressed through the baking process. The inductive trigger device was not 
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Figure 3.2. Observed effect on bread Figure 3.3. Air on titanium only 
reliable enough to be certain that the time the air was released was the same as when the 
oscilloscope was triggered. Several misfires and obviously late firings had been observed in 
the laboratory. A new triggering device was needed to time and trigger events in the 
millisecond range. A search for alternatives led to a Motorola pressure transducer with a 
built-in amplifier. Unfortunately, this device was not available from suppliers so a non-
amplified version (MPX5 lOOGP) was obtained and an amplifier was used to amplify ±e 
signal. A kit-built power supply (Jameco JE 215) was used to supply a clean DC power 
source to the unit. This power supply eliminated a previous source of spurious signals, a 
battery holder that generated electronic signals in the same frequencies as the experimental 
In the final iteration, the experimental signal was generated on a Hewlett Packard 
8116A function generator, fed through a RF amp and delivered to the first transducer of a 
pitch-catch arrangement. The second transducer picked up the reflected signal which was 
amplified and sent through a Stanford Research Systems model SR-2S0 Gated Integrator and 
Boxcar Averager for conditioning. The resultant signal was observed on the oscilloscope 
signals. 
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and then transmitted through the GPIB bus to the computer where each trace was saved as a 
separate file. The pressure transducer trigger was shown by observation on the oscilloscope 
screen to be sufficiently reliable and repeatable. The points of interest, as shown in Figure 
3.4, are the point on the timescale (x) axis at point A where the transition fi-om more or less 
horizontal to ascendant occurs, and at the peak value, point B. When these events occur for 
many tests at essentially the same point on the time scale, the pressure transducer may be 
used as a reliable event trigger. The final experimental setup is illustrated in schematic form in 
Figure 3.5. 
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An experimental design, having two factors at two levels with two iterations and 
center points, was chosen for the final data collection stage. The factors chosen were baking 
time and loaf position. All of the other conditions were fixed, except the air pressure which 
needed adjustment as the loaf baked, the gain on the signal amplifier, and the tuning of the 
window of the boxcar integrator. The air pressure needed to create a signal when the loaf was 
done was so strong it would blast a hole in the unbaked loaf. Therefore, different pressures 
were needed. The amplifier gain needed adjustment for some conditions, where the 
reflectivity of the loaf crust varied. A smooth crust at just the right height reflected a strong 
signal, while a crust that was less smooth diffused the signal and a curvature of the crust too 
high or too low reflected the signal away from the receiver. The worst condition was a rough 
crust with the curvature bouncing the signal away from the receiver. The window of the 
boxcar needed to be set for each observation due to changes in the position of the loaf, and 
variability of the crust of the loaf. The window was set for the base of the response 
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waveform, so that small deflections of the crust would cause a rising output on the 
oscilloscope screen. 
The window of the boxcar integrator is a significant feature to the operation of the 
expenment. A 100 nanosecond window is synchronized to the trigger. Hgure 3.6 shows a 
typical output response fix>m one event. The boxcar integrates the signal within the window. 
The remaining signal outside the window is ignored. As repeated signals are accumulated, 
random noise is filtered out and the characteristic output of the boxcar is produced (Figure 
3.7). The rising signal is produced by the loaf moving closer to the transducers. In addition, 
the window is phase sensitive. The 100 nanosecond window is 1/100 the time period of the 
ultrasonic signal. Any movement of the transducers or the loaf will change the delay between 
the sending transducer and the receiving transducer, and change the signal within 
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the window. This results in the rising output signal when the loaf moves toward the 
transducers. This system results in a resolution of approximately 0.03 mm (Chimenti & 
Faeth, 1997). 
Using Minitab 10.5 software, a run chart was made randomizing the sequence of data 
collection at the various settings of the experimental variables. Baking times of 12,20 and 
23 minutes were selected to approximate half baked, nearly baked and fully baked conditions. 
Loaf positions at the left, center and right of the loaf were selected to determine if the 
position of the measurement relative to the loaf had any bearing on the observed results. 
During the data collection, multiple readings were taken for each condition so that each data 
point in the experimental design was actually an average of these readings. 
Files saved on the computer were transferred using ftp to a unix machine where a perl 
script was used to strip unneeded characters, convert the 1024 data points of the oscilloscope 
trace from a horizontal list to a vertical list, and finally join the separate files represented by 
each vertical list into a matrix with the original file name at the head of each column. Using 
ftp, this matrix was brought back into a desktop computer for analysis using Minitab, SPSS 
and Excel software. 
A report of preliminary findings (Chimenti & Faeth, 1997) was written to the ISU 
Institute for Physical Research and Technology as an internal document. An application for 
patent consideration was filed with the ISU Research Foundation (ISURF) and meetings with 
that organization led to the preparation of a solicitation to industry. At the time of writing, 
negotiations are underway for licensure of this technology. This process will enable an 
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interested company to negotiate for rights to a technology before a patent is actually issued. 
The results of fiirther data analysis are presented in Chapter 4. 
Conclusion 
The exploratory nature of this research dictated that the research should be conducted 
in an iterative fashion. There is sparse literature indicating how to measure doneness of 
bread without physical contact. There is also scanty literature related to contact methods of 
determining stages of doneness in a production situation. Therefore, the equipment used, the 
settings for the equipment and the physical positioning of the equipment all needed to be 
determined by conducting a series of small experiments, each building on the results of the 
previous experiments. When the instrumentation was sufGciendy developed, a designed 
experiment was conducted. The data were manipulated and analyzed, and preliminary 
findings presented to the ISU Institute for Physical Research and Technology, the source of 
funding. In addition, the technology was determined by ISURF to be unique enough to 
initiate the patent process. 
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CHAPTER4: RESULTS 
Introdnction 
In this chapter the hypotheses will be presented and discussed in terms of the data 
acquired during experimentation. Narratives, tables and figures are used to discuss the results 
of the hypothesis testing. 
This research project was undertaken in an effort to initiate development of improved 
controls for the baking process. The purpose of this study was to determine if changes in the 
mechanical properties of bread during the baking process can be detected by non-contact 
means. The smdy was carried out in order to establish a field of research that may eventually 
lead to direct measurement for determining when baking is finished so that optimal baking 
times may be used to improve product quality. 
Preliminary Experimentation 
Many small experiments were conducted initially to explore ways to configure the 
instrumentation needed to conduct the main experiment. Indeed, at the outset some of the 
control variables were unknown. Through the preliminary experiments control variables 
(Table 4.1), such as tube diameter, chamber size, distance to the loaf from the transducers, 
size of the solenoid valves, proof height, baking temperature and baking tune, were identified 
and parameters were set and adjusted. This approach is consistent with the statistical 
approach to research described by Snee and Hare (1992). In this work, the authors describe 
an iterative approach to experimental research, where small experiments lead to knowledge, 
which in the end, is used to make larger discoveries. 
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Table 4.1. Fixed values of control variables based on results of the preliminary experiments 
Control Chamber Distance: loaf Inlet Outlet Proof 
variable TubeDia. volume totx valve valve beiKht Baking temp 
Fixed value 375' 7 cu. in. 2" (nom.) 375" .500" 2" 400" F 
With the equipment set up and tested through the iterations of preliminary tests, 
several variables were fixed. The remaining independent variables were baking time, 
transducer position and the variation within and between loaves. Due to the non-
homogeneity of the loaf itself, the variation within and between loaves was expected to be 
rather large. The effects of variation in and between loaves was randomized by utilizing a 
random order of experimental treatments. Upon collection, the data were analyzed 
graphically to determine the transition point where the oscilloscope trace changed from more 
or less horizontal to an incline (Figure 4.1). This point was identified as the transition point. 
In the example shown in Figure 4.1, point A was identified as the transition point. In Figure 
4.2, is a detailed representation of the transition point area which more clearly identifies the 
transition point. Two points along the rising slope were arbitrarily selected to be used to 
determine the slope of the rising response. The scale values of these points were found and a 
slope was calculated firom the change in value over the change in time. In this case, points 
170 and 200 were identified and the slope was calculated as 2.833. 
Statistical tests were applied to the data to determine if the data contained information 
which may enable prediction of bake time based upon the transition point or the rising slope 
of the response. Statistical testing was also conducted to determine if the loaf or transducer 
position had a significant effect on the response. 
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Data Analysis 
Data saved consisted of 1024 points of each oscilloscope trace saved as ASCII text 
data in a file. Analysis of the data began by utilizing a script to transform the individual files 
into a matrix of columns comprising 1024 points. The former file names were saved in the 
first row to identify the columns of data. This manipulation allowed data to be analyzed in an 
easier manner, by having all the data combined into one large file. Each file was plotted so 
that visual comparisons could be made at various states of baking. It appeared that four 
characteristics of the waveform might yield useful information about changes taking place in 
the loaf during baking; (1) time to the transition point, where the wave changed fi-om 
horizontal to inclined; (2) slope of the inclined portion; (3) the first peak of the waveform; 
and (4) duration, the time between the transition point and the first peak. In the early 
experiments visual inspections of the response plots seemed to yield no discernible 
differences. After studying the effect of air on the titanium block, refinements to the 
instrumentation were made, mainly building a new holder and moving the nozzle to the 
opposite side of the loaf. After making these changes, overlaying plots at various baking 
times appeared to reveal a change in the transition point with bake time (Figure 4.3). The 
transition point area is enlarged in Figure 4.4 for better discrimination. 
With this information confirmed through several overlay plots, it was determined that 
a more reliable triggering device was needed than the inductive coil pickup in use to that 
point. The inductive coil had demonstrated many misfires in laboratory testing. 
A new triggering device was needed to time and trigger events in the millisecond 
range. A search for alternatives led to a Motorola pressure transducer with a built-in 
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amplifier. Unfortunately, this device was not available from suppliers so a non-amplified 
version (MPXS100C3*) was obtained and an amplifier was used to increase the signal. A kit-
built power supply (Jameco JE 215) was used to supply a clean DC power source to the unit 
This power supply eliminated a previous source of spurious signals, which came fix>m a 
battery holder that generated electronic signals in the same fiiequencies as the experimental 
signals. 
Final Experiments 
While the main experiment consists of bake times of 12,20 and 23 minutes it was 
determined during early experiments that the loaves baked 12 minutes could be used with 
additional bake times of 10 and 8 minutes to approximate the doneness occurring in the 
loaves baked 20 or 23 minutes uninterrupted. This enabled a concurrent experiment, of 
measures repeated on the same loaf, to be conducted. The cumulative bake times for data 
acquisition were 12,22 and 30 minutes. The two concurrent experiments were identified as 
122023, measures on individual loaves, and 122230, measures repeated on the same loaf, 
based upon the total bake time of the loaf under examination (Table 4.2). The results of both 
experiments are presented. 
Table 4.2. Hypotheses by response measured and by experiment 
Experiment 122023 1 122230 1 0 Bake time Loaf 5 
Response Transition point 
Hypothesis 1.1 1.2 1.3 1 2.1 2.2 2.3 1 3 4 
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Two concunent experiments were conducted. The major difference between the 
122023 experiment and the 122230 experiment was that the 122023 experiment collected 
data from different individual loaves, while the122230 experiment consists of repeated 
measures at differing bake times on ±e same loaf. 
122023 Experiment - One measurement per loaf 
This section presents data from the first experiment, using individual loaves with bake 
times of 12,20 and 23 minutes. Data from the final experimental configuration, plotted in a 
boxplot (Figure 4.5), show the lessening values of transition point as the bake time increases. 
Note the large variability at the zero bake time as compared to increasing bake times. Note 
also how the variability has decreased by the 23 minute bake time. The results of statistical 
testing are presented. Then each hypothesis is presented along with the relevant statistical 
data. 
Trans, point 
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Figure 4.5. Boxplot of transition point at various bake times 
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Results of statistical tests 
Hypotheses related to the two factor, two level experimental design for the 122023 
experiment, measures on individual loaves. 
In order to determine if some change in internal structure could be measured to 
determine doneness, an experiment was conducted to determine if bake time might be used to 
predict the transition point of the response of the loaf to an external stimulus. To measure a 
possible confounding source of variation, the position of the transducers in respect to the loaf 
was tested as predictor of the transition point. For this experiment, loaves were baked to a 
specific time, and the response to the stimulus was recorded. Data analysis reduced each 
response to a transition point, and a slope of the rise to the first peak. Standard deviations 
were also calculated for each mean transition point and each mean slope (Table 4.3). During 
the experimentation a keyboard error occurred which resulted in the irretrievable loss of data 
from two points of the experimental design. Because of this data loss, the data from Loaf 1 at 
12 minutes bake time and position 1 (#) is the mean of only three readings. The mean of 
Loaf 3 at 23 minutes and position 3 (##) is the acmal reading from the single data file that 
Table 4.3. Data set used for 122023 analysis 
Transition Point Slooe 
Loaf Bake time Position mean sd mean sd 
I 12 I 159.333# 1.15470 0.98333 0.27538 
2 23 1 156.375 6.27780 1.81875 0.56942 
3 23 3 160.000## 0.00000 * 
7 12 3 158.444 6.14636 2.69481 1.23696 
9 23 I 152.636 8.57056 2.77394 2.26778 
10 12 I 163.375 4.68851 4.33889 1.50835 
11 23 3 155.455 7.77642 3.77841 1.21099 
5 12 3 174.600 9.69765 4.12667 0.85097 
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that remained from that position in that replication. No slope was calculated from the single 
loaf 3 response, because it was atypical and difficult to inteq)reL The results of the Minitab 
factorial fit are presented in Tables 4.4 and 4.5. 
Hypothesis LI There is no d^erence in mean response due to bake time in the study 
of individual loaves (122023). 
To determine if there is a relationship between bake time and the transition point of 
the response, the results of the factorial analysis were examined. The test of Hypothesis 1.1 
yielded a T value of-1.77 (p=0.151) at the 0.05 alpha level, (Table 4.4) failing to reject the 
null hypothesis that ±ere is no difference in the mean response due to bake time. 
Table 4.4. Estimated effects and coefficients for mean transition point, 122023 
Term Effect Coef StDev Coef T P 
Constant 160.027 2.208 72.480 0.000 
Bake time -7.822 -3.911 2.208 -1.77 0.151 
Position 4.195 2.097 2.208 0.95 0.396 
Bake time^Position -0.973 -0.487 2.208 -0.22 0.836 
Table 4.5. Analysis of variance for mean transition point, 122023 
Source DF Sea SS AdiSS AdiMS F P 
Main Ejects 2 157.550 157.550 78.775 2.02 0.248 
2-Way Interactions 1 1.895 1.895 1.895 0.05 0.836 
Residual Error 4 155.989 155.989 38.997 
Pure Error 4 155.989 155.989 38.997 
Total 7 315.434 
Hypothesis 1.2: There is no difference in mean response due to transducer position in 
the study of individual loaves (122023). 
To determine if there is a relationship between transducer position and the transition 
point of the response, the results of the factorial analysis were exaipined. The test of 
Hypothesis 1.2 yielded a T value of 0.95 (p=0.396) at the 0.05 alpha level, (Table 4.4) failing 
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to reject the null hypothesis that there is no difference in the mean response due to transducer 
position. 
Hypothesis 1.3: There is no difference in the mean response due to the interaction 
between bake time and transducer position in the study of individual loaves (122023). 
To determine if there is a relationship between the interaction of bake time and 
transducer position with the transition point of the response, the results of the factorial 
analysis were examined. The test of Hypothesis 1.3 yielded a T value of -022 (p=0.836) at 
the 0.05 alpha level, (Table 4.4) failing to reject the null hypothesis that there is no 
difference in the mean response due to the interaction of bake time and transducer position. 
Although the data fail to confirm that bake time is a predictor for the transition point, 
the Pareto chart of the response (Figure 4.6) illustrates that bake time is a larger component 
of the response than position. A Pareto chart indicates the largest causes of an effect. The 
normal probability plot of the residuals (Figure 4.7) is symmetrical because the fit is the mean 
between the two replications of the experiment. If a best fit line were drawn, it would not be 
Figure 4.6. Pareto chart of the standard effects for 
the 122023 experiment 
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Figure 4.7. Normal probability plot of the residuals 
for the 122023 experiment 
a perfect fit, but it would not indicate enough curvature to raise concern with a simple two 
factor two level design. Again, Loaves 1 and 3 exert an undue influence, because they are 
means of atypical data. 
Data analysis using the rising slope of the response was also performed. The 
usefiilness of the slope as a predictor was not expected to be high in this experiment, due to 
the fact that during experimental procedures, three adjustments needed to be made: 1) the 
gain of the RF amplifier needed adjustment; 2) the air pressure needed occasional adjustment 
to fit the loaf and the bake time; and 3) the setting of the window of the boxcar integrator 
needed adjustment for each reading. Each of these three variables affected the amplitude and 
the peak value of the response, and, therefore, the rising slope of the response. This resulted 
in the slope having little value in this experiment as a predictor; however, in future 
Response is meanTP 
• • 
I 1 1 1 1 1 r 
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experiments with improved instrumentation where these variables are quantified and taken 
into consideration, the slope may be a useM predictor of transition point 
To illustrate the effect of these three variables on the slope, the histograms of slope at 
the three bake times (Figures 4.8-4.10) indicate multiple peaks (Figure 4.9). Multiple peaks 
in the histograms indicate that one or more of the uncontrolled variables affecting the 
amplitude have been adjusted. 
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122230 Experiment - Repeated measurements on the same loaf 
This section presents data from the second experiment, using loaves with bake times 
of 12,22 and 30 minutes. Data from the final experimental configuration plotted in a boxplot 
(Figure 4.11) show the lessening values of transition point as the bake time increases. Note 
the large variability at the zero bake time as compared to increasing bake times. Note also 
how the variability has decreased greatly by the 30 minute bake time. 
The data from the second experiment were analyzed next. As in the individual loaves 
experiment, a possible confounding source of variation, the position of the transducers in 
respect to the loaf, was also measured. The Minitab fit factorial analysis was used to 
determine the relationships between the response, transition point to the predictors, bake 
time, and transducer position. The data used for this analysis are shown in Figure 4.6. 
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bake time for 122230 
Hypotheses related to the two factor, two level experimental design for the 122230 
experiment, repeated measures on the same loaf. 
The data from the oscilloscope were reduced, first by locating the transition point for 
each file, then by calculating means for each combination of bake time, transducer position, 
and loaf number. The data used for analyzing the factorial design are presented in Table 4.6. 
The results of the Minitab factorial analysis are presented in Tables 4.7 and 4.8. 
Hypothesis 2.1: There is no difference in mean response due to bake time in the 
repeated measures study (122230). 
To determine if there is a relationship between bake time and the transition point of 
the response, the results of the factorial analysis were examined. The test of Hypothesis 2.1 
yielded a T value of -2.61 (.p=0.040) at the 0.05 alpha level, (Table 4.7) rejecting the null 
hypothesis that there is no difference in the mean response due to the mean response of bake 
time. 
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Table 4.6. Data used for analysis of experimental design for 122230 experiment, repeated 
measures on a loaf 
Transition Point Slooe 
Loaf Bake time Position mean sd mean sd 
1 12 I 153.333 1.1547 0.98333 0.27538 
1 30 1 150.556 6.5213 0.88889 0.27475 
6 12 3 155.667 11.1833 3.31667 1.53188 
6 21 2 156.636 4.9045 2.60667 1.82219 
6 30 3 154.600 10.0150 1.54833 1.40209 
7 12 3 158.444 6.1464 2.69481 1.23696 
10 12 1 163.375 4.6885 4.33889 1.50835 
10 21 2 149.500 6.2450 0.58750 0.38379 
10 30 1 145.000 3.1623 0-91000 0.93568 
5 30 3 145.789 2.6369 1.60000 0.00000 
Table 4.7. Estimated Effects and Coefficients for mean transition point, 122230 experiment 
Term Effect Coef StDev Coef T P 
Constant 153.290 1.495 102.53 0.000 
Bake time -8.719 -4.359 1.671 -2.61 0.040 
Position 0.559 0.280 1.671 0.17 0.873 
Bake time*Position 1.858 0.929 1.671 0.56 0.598 
Table 4.8. Analysis of variance for mean transition point, 122230 experiment 
Source DF Seg SS Adj SS Adj MS F P 
Main Effects 2 152.653 152.653 76.3267 3.41 0.102 
2-Way Interactions I 6.903 6.903 6.9027 0.31 0.598 
Residual Error 6 134.107 134.107 22.3512 
Curvature 1 0.123 0.123 0.1231 0.00 0.949 
Pure Error 5 133.984 133.984 26.7968 
Total 9 293.663 
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Hypothesis 2.2: There is no difference in mean response due to transducer in the 
repeated measures study(122230). 
To determine if there is a relationship between transducer position and the transition 
point of the response, the results of the factorial analysis were examined. The test of 
Hypothesis 2.2 yielded a T value of 0..17 (p=0..873) at the 0.05 alpha level, (Table 4.7) 
faOiiig to reject the null hypothesis that there is no difference in the mean response due to 
transducer position. 
Hypothesis 2.3: There is no difference in the mean response due to the interaction 
between bake time and transducer position in the repeated measures study(122230). 
To determine if there is a relationship between the interaction of bake time and 
transducer position with the transition point of the response, the results of the factorial 
analysis were examined. The test of Hypothesis 2.3 yielded a T value of 0.56 (p=0.598) at 
the 0.05 alpha level, (Table 4.7) failing to reject the null hypothesis that there is no 
difference in the mean response due to the interaction of bake time and transducer position. 
The data confirm that bake time is a predictor for the transition point. The Pareto 
chart of the response (Figure 4.12) illustrates that bake time is the larger component of the 
response. Where bake time crosses the dotted line indicates ±at it has a significant effect. 
Position and the interaction of transducer position and bake time have no significant effect on 
the transition point of the response. The normal probability plot of the residuals (Figure 4.13) 
is symmetrical because the fit is the mean between the two replications of the experiment. 
While the lines are not straight, they do not represent enough curvature to raise concern with 
a simple two factor two level design. 
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Data analysis using the rising slope of the response was also performed. The 
usefulness of slope as a predictor was not expected to be high, due to the fact that during 
experimental procedures three adjustments were made which influenced slope: 1) the gain of 
the RF amplifier; 2) the air pressure needed occasional adjustment to fit the loaf and the bake 
time; and 3) the setting of the window of the boxcar integrator needed adjustment for each 
reading. However, the bake time may prove to be a significant predictor of the slope when 
these confounding variables are controlled. To illustrate the effect of these three variables on 
the slope, histograms of slope at the three bake times (Figures 4.14-4.16) indicate multiple 
peaks where one of these variables has been adjusted (Figures 4.14 & 4.15). 
Further Analysis 
To gain further insight into the information available in ±e data, two additional 
statistical tests were performed. A oneway analysis of variance (ANOVA) was performed on 
the data collected from unbaked loaves to determine if the transducer position relative to the 
length of the loaf had a significant influence on the transition point. For the loaf from which 
the most data were collected, a regression analysis was performed to determine the 
relationships between bake time squared and bake time with the transition point of the 
response. 
Hypothesis 3: There is no difference caused by the transducer position on the transition point 
of the response for loaves at bake time of zero. 
To determine if there is a difference caused by transducer position on the transition point of 
the response at bake time =0, the results of the ANOVA were examined. The test of 
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Hypothesis 3 yielded an F ratio of 1.24 (p=0.304) at the 0.05 alpha level, (Table 4.9) failing 
to reject the null hypothesis that there is no difference caused by the transducer position on 
the transition point of the response. The transducers may be positioned at any experimental 
position on the loaf and a valid transition point of the response may be determined. 
Table 4.9. One way ANOVA for transition point at bake time 0, using transducer position as 
the predictor variable 
Source DF SS MS F P 
Position 6 5511 918 1.24 0.304 
Error 43 31802 740 
Total 49 37312 
1 1 1 1 1 
1 1 1 1 1 1 r 
- 2 - 1 0 1 2 3 4  
Slope 
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Hypothesis 4: There is no relationship between bake time, the transducer position, or the 
interaction of bake time and transducer position on the transition point of the response for 
loerf number 5. 
For one of the loaves. Loaf 5, a multiple regression analysis was performed to 
determine the prediction equation for the factor found to be significant in the factorial 
analysis. Because curvature appeared to be present, a bake time squared factor was added. 
Since loaf 5 was measured at only position three, position and the interaction factors were 
dropped from this analysis. The results of this analysis are presented in Table 4.10. 
The prediction equation from the regression analysis, based on four bake times, is: 
Transition point = 248 + 0.150 bake time squared - 7.90 bake time 
The normal probability plot of the residuals (Figure 4.17) shows a relatively straight 
line with two outliers. It appears that no extraneous variables are exerting a significant 
influence. 
Table 4.10. Regression analysis for transition point of loaf 5 at position three with bake times 
of 0, 12,22, and 30 minutes 
Predictor Coef StDev T P 
Constant 247.834 9.995 24.80 0.000 
BTsquare 0.15007 0.02336 6.42 0.000 
bake time -7.904 1.006 -7.85 0.000 
S = 6.069 R-Sq = 80.0% R-Sq(adj) = 79.1 % 
Analysis of Variance 
Source DF SS MS F P 
Regression 2 6332.8 3166.4 85.97 0.000 
Error 43 1583.7 36.8 
Total 45 7916.4 
Source DF Seq SS 
BTsquare 
Bake time 
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Figure 4.17. Normal probability plot of the residuals 
for repeated measures on the same loaf 
Summary 
The results of experimentation regarding the behavior of bread when subjected to an 
external stimulus were presented in this chapter. A brief description of the development of 
instrumentation was followed by a description of data analysis methodology. Instrumentation 
consisted of a computer, oscilloscope, function generators, amplifiers, a boxcar integrator, a 
pair of ultrasonic transducers and the extemal stimulus device. The data were compiled, 
manipulated, examined graphically, and critical information summarized on a spreadsheet. 
Data for a concurrent experiment using repeated measures on the same loaves of bread were 
treated in the same manner. The data summaries were further reduced by calculating the 
means which were then subjected to statistical analysis. The results were complied and 
presented. The eight hypotheses tested yielded three for which the null hypothesis was 
rejected and five for which the data analysis failed to reject the null hypothesis. Table 4.11 
summarizes the results of the hypothesis testing. 
Normal Score 
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Table 4.11. Summary of the results of the hypothesis testing 
Experiment 122023 122230 0 Bake time LoqfS 
Response Transition point 
Hypothesis 1.1 1.2 1.3 2.1 2.2 2.3 3 4 
Rejected X X X 
Of greatest significance is the finding that bake time may be used to predict transition 
point Essentially, this means that sound travels faster through the dough as the baking 
process is completed. This finding is consistent with common characteristics of matter, that 
stiffer materials have faster rates of sound transmission though the material. The material in 
this experiment, however, differs significantly fix>m material commonly studied for energy 
transmission, in that it is non-homogeneous and is, in fact, comprised mostly of gasses 
trapped in cells. 
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CHAPTER 5: FINDINGS, CONCXUSIONS, AND RECOMMENDATIONS 
In the preceding four chapters the subject matter of the study was introduced, related 
literature was reviewed to establish a basis for this research, the methodology was presented, 
and the results of the research were presented In this chapter the study will be summarized, 
conclusions drawn, and recommendations for further study presented. 
Summary 
The research presented ui this study was undertaken to determine if changes in 
mechanical properties within a loaf of bread could be measured during the baking process, 
and if those changes could be predicted firom bake time. There appears to be no information 
in the public domain that indicates prior research in this area. After reviewing bodies of 
knowledge related to baking and ultrasonic detection, it became obvious that any study in the 
area would be, of necessity, exploratory. In order to establish the parameters and equipment 
used in this study, a series of experiments were conducted. Based on the results of the 
preliminary studies, the experiments presented here were conducted. The data collected were 
compiled, manipulated, examined graphically, and critical information was summarized on a 
spreadsheet. The data summaries were subjected to statistical analysis, and the results 
complied and presented. 
Three of the eight null hypotheses tested were rejected, and in the remaining five the 
data analysis failed to reject the null hypotheses. Table S. 1 summarizes the results of the 
hypotheses, where 122023 represents the individual loaves study and 122230 represents the 
repeated measures study. 
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Table 5.1. Summary of findings 
Experiment 122023 122230 Bake time 0 Loaf 5 
Hypothesis 1.1 1.2 13 2.1 2.2 2.3 3 4 
Reject X X X 
Fail to reject X X X X X 
Findings 
The research questions were addressed during both preliminary experimentation and 
during the final experiment. The findings related to the research questions are reported as 
follows. 
Research Question I: Is the response generated by a low pressure air blast to the loaf of less 
than 50 microseconds duration sensitive enough to detect changes in the mechanical 
properties of the loaf? 
After experimentation, it was determined that it is possible to detect changes in mechanical 
properties as the loaf bakes. A typical response (Figure 5.1) shows a more or less horizontal 
trend from the time the oscilloscope is triggered until the transition point is reached. From 
the transition point until the first peak, there is an upward trend. From the first peak, there is 
a downward trend. Beyond the first peak the data appear to be influenced to a large degree by 
the air blast used as a stimulus, therefore, are of little usefiilness. As the air moves over the 
surface and through the ultrasonic signal, it disturbs the ultrasonic signal resulting in noise 
and loss of a useful signal. The air blast and the accompanying measurements were 
detenxiined to be sufficiendy sensitive to allow detection of changes in the mechanical 
properties of the loaf during baking. 
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Figure 5.1. Typical response 
Research Question 2: What are the relationships between the independent variables, baking 
time and position of the instruments to the loaf, to the response of the locrf? 
This question was addressed by factorial analysis of the experimental design, an 
ANOVA on the responses of unbaked loaves and a multiple regression analysis on one loaf 
for which the most data were available. Details of the analyses were presented in Chapter 4 
by Hypotheses 1.1 through 4. 
Based on the results of the experiments and data analysis, it appears that bake time is 
a reliable predictor for the transition point of the response. Based on the results of 
Hypothesis 4, it appears that bake time and bake time squared account for about 80% of the 
variation in transition point. The position of the transducer along the length of the loaf does 
not appear to influence the transition point significantly. There was no significant effect 
caused by the interaction of bake time and oven position. 
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Research Question 3: What are practical combinations of air pressure, cylinder size, and 
orifice sizie to produce an adequately sensitive response? 
During experimentation, it was determined that air pressures in the range of 7 to 15 
pounds per square inch (psi) were sufGcient in combination with the other components to 
generate a measurable response. The air pressure needed some adjustment during baking. A 
15 psi blast was sufGcient to tear a hole in the side of raw dough, so a lower pressure blast, 
typically 7 psi, was needed during the early stages of baking. A 7 psi blast was not enough to 
produce a consistently measurable response in a fiilly baked loaf, so air pressures of 15 psi 
were typically used for the later stages of baking. The air storage cylinder was approximately 
seven cubic inches in size. A larger cylinder was used initially, but was found to be too large, 
beyond the range of control, so the smaller chamber was substituted. 
The orifice consisted of a section of 3/8 inch diameter tubing at the end of a half inch 
diameter delivery system. When the half-inch tubing was used as an orifice, the response on 
the oscilloscope screen was not as sharp as with the smaller orifice. The undesirable effects 
of air movement fi-om the blast were also greater with the larger orifice, so the smaller orifice 
was used during the later experiments. 
Statistical findings 
In the individual loaves factorial design (122023), none of the three hypotheses (1.1 -
1.3) proved to be statistically significant. Although the data analysis of the first experiment 
did not support bake time to be significant in the a priori design it is the strong belief of the 
researchers that bake time is in fact a significant predictor of transition point, and the a priori 
settings of a = .05 and P =. 10 have in fact led to a Type II error. In another maimer of 
speaking, there is an 85% likelihood that bake time is a significant predictor of transition 
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point, based on the probability (0. IS) for bake time in the factorial analysis. It is known that 
loaf 3 data consists of a single point that is atypical. It is also known that the three transition 
points used to calculate the mean for loaf I are atypical, and much lower than the majority of 
loaves. Had these points been closer to the overall mean for their respective bake time, there 
is little doubt that bake time would have been significant for the 0.05 level of alpha. Had the 
loss of data not occurred, in all likelihood these two means would be closer to the means of 
the equivalent points in the other replication. In that case the result would find bake time to 
be significant at the 0.05 alpha level. This strong evidence leads to the belief that a Type n 
error has occurred, of failing to reject a null hypothesis that is in fact false. The researchers 
also have the experience of processing 40 additional loaves of bread while developing the 
experimental equipment to support this belief. 
Bake time was found to be a significant predictor in the repeated measures experiment 
(122230). Null hypothesis 2.1 was rejected, indicating that bake time is a significant 
predictor of transition point. The hypotheses related to position and the interaction of bake 
time and position (2.2 and 2.3) were not rejected, indicating that neither position of the 
transducers along the length of the loaf nor the interaction were significant. 
The analysis of data collected from the loaves at bake time 0 was done to examine if 
position played a role in determining the transition point. The analysis showed that there is 
no significant difference in transition point that can be attributed to the position of the 
transducers along the length of the loaf. This is a bit of evidence that supports the findings of 
the two factorial analyses, that position in not significant. 
83 
The one loaf for which the most data had been collected, loaf 5, was singled out for a 
regression analysis, to determine if bake time was found to be a significant predictor for 
transition point. Because all the loaf 5 data were collected at position three, position became 
a controlled variable. A bake time squared term was added because there was evidence of 
curvature in the data. This analysis led to a prediction equation in which both bake time and 
bake time squared were significant predictors of transition point This piece of evidence 
again points to the conclusion that bake time is a significant predictor of transition point. 
The findings of ±e data analysis of this research support fiuther research into the 
prediction of transition point during real time in situ baking studies. That research can lead 
to development of a prediction curve and confidence intervals for transition point based on 
bake time. When the curve is established, it may be used like a refirigeration or steam 
enthalpy chart to predict bake time or doneness from the transition point. Prediction of 
doneness from transition point is the basis for an new system of advanced baking controls. 
These controls would be based on the measurement of doneness, predicted from the transition 
point, rather than the traditional time and temperature system. 
Based on the statistical results, an interesting prediction may be made. Of highest 
interest is the finding that bake time may be used to predict transition point. Essentially, this 
means that sound travels faster through the dough as the baking process is completed. This 
finding is consistent with conunon characteristics of matter, that stiffer materials have faster 
rates of sound transmission though the material. The material in this research, however, 
differs significantly from material commonly studied with sound transmission, in that it is 
non-homogeneous and is, in fact, comprised mosdy of gasses trapped in cells. This 
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phenomenon was true in both experiments. The equipment used for this research enables 
transition point and the duration between the transition point and the first peak of the 
response to be measured. With improvements in the system, future research may be able to 
reliably measure the rising slope of the first peak, and the value of the first peak. These 
measures may prove to be useful predictors of doneness. 
In future experimentation, when data may be collected continuously through the 
baking process, a prediction curve may be developed, which would enable the prediction of 
transition point based on bake time. Along with this curve, confidence intervals may also be 
developed, so that a transition point may be predicted along with a confidence interval for 
that prediction. With this prediction curve developed, the significance of this research will 
become useful. Once the curve is established, then the prediction may be reversed, that is to 
predict an equivalent bake time, within a confidence interval, based on a measured transition 
point. Thus, this is the basis for advanced oven controls, where time and temperature are 
variables, based on measurement of the transition point of the response of the loaf. With an 
enhanced measurement system, it is possible that the rising slope of the response may also be 
a reliable predictor of doneness of the loaf. 
The effects of the position of the transducers in relation to the loaf appear to be 
random. If further experiments verify that transducer position has no effect on the response, 
then commercial development of instrumentation can be simplified. Random effects of 
transducer position would allow measurements to be taken at any position along the loaf 
which results in a good signal. 
85 
It is interesting to note that the reduced-form prediction equations for transition point 
in each of the two experiments are quite similar. It is likely that with large amounts of data, 
the prediction equations would converge to a single prediction equation regardless of testing 
method. If borne out by further research, a single prediction equation for individual measures 
or repeated measures will simplify commercial development of industrial controls based on 
this research. The implication from this is that the same physical phenomena occur and may 
be measured whether one measurement is taken per loaf or whether repeated measures are 
taken at different bake times on the same loaf. 
Conclusions 
Based upon the results presented in Chapter 4, several conclusions may be drawn. 
These conclusions have implications for commercial development of a control system based 
on measurement of changes in the mechanical properties of the loaf as it bakes. 
1. Changes in mechanical properties of a loaf can be detected during baking, and 
predicted by Baketime, using the instrumentation and the methodologies developed. 
2. The transition point and duration time of the rise can be measured. With more 
sophisticated instrumentation, the rising slope and the peak value of the response can 
be measured. 
3. The effects of the position of the transducers in relation to the loaf appear to be 
random. This enables measurements to be taken on randomly selected loaves, and at 
any position along the loaf which results in a good signal. 
4. The similarity of the prediction equations for transition point from both factorial 
analyses indicates that with more data, a single regression equation may emerge for 
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both methods of study. If further study proves this hypothesis, then a single predictor 
could be used for a product and oven combination without regard to matching data to 
the individual loaf, measuring different loaves, or the same loaf. 
5. The data indicate that either repeated measures on the same loaf or measurements on 
separate loaves will provide similar information. The implication is that for a 
traveling oven, measurements may be taken in different oven zones, without 
regarding whether the same loaf is measured in different oven zones. In a fixed oven, 
samples may be taken from a representative loaf throughout the baking process. 
Reconimendatioiis 
Based on the findings and conclusions presented in this study, the following 
recommendations are presented for further research. 
1. There is a need for fiirther data collection to confirm the findings of this study and to 
determine if a single regression equation may be used for both individual loaf testing 
and repeated measures on the same loaf. 
2. The next logical step is in situ testing. The stimulus and measurement devices should 
be moved into the oven environs and data collected continuously during baking. 
Indications from this research are that air movement could interfere with accurate 
measurements. The issue of confounding of results due to air movement in the oven 
must be dealt with before a viable control system could be developed. 
3. Explore other instrumentation to measure the changes in internal mechanical 
properties. There are other ways to measure the changes which occur during baking. 
The method used for this research is one way to measure these changes. 
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4. The instrumentatioa should be refined so that changes in air pressure, amplifier gain, 
and the setting for the boxcar window can be quantified and correlated with peak 
values, so that the first peak value and slope may be used for prediction. 
5. There is a need for research leading to further refinement and miniaturization of the 
instrumentation before commercial application is possible. 
6. The last stage of commercial development is research leading to the development of 
commercial prototypes. This includes measuring transition point and establishing 
target transition points for specific oven and product combinations. 
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